PURPOSE. Diabetic macular edema (DME) is the most common cause of moderate visual disability in persons of working age in the United States. The pathogenesis of DME is poorly understood. In this study, the effect of retinal hypoxia in the development and maintenance of DME was investigated. METHODS. Five patients with chronic DME despite at least one focal laser photocoagulation treatment (nine eyes) received 4 L/min of inspired oxygen by nasal cannula for 3 months. Best corrected visual acuity (VA) and retinal thickness, assessed by optical coherence tomography (OCT), were measured at baseline, during 3 months of oxygen treatment, and for 3 months after stopping oxygen. RESULTS. After 3 months of oxygen therapy, nine of nine eyes with DME at baseline showed a reduction in thickness of the center of the macula. Foveal thickness (FTH) above the normal range was reduced by an average of 43.5% (range, 14%-100%), excess foveolar thickness (CEN) was reduced by an average of 42.1% (range, 13%-100%), and excess macular volume was reduced by an average of 54% (range, 35%-100%). Statistical analyses suggested that these changes were unlikely to be due to chance (P ϭ 0.0077 by Wilcoxon signed-rank test). Three eyes showed improvement in VA by at least 2 lines, one by slightly less than 2 lines, and five eyes showed no change. Three months after discontinuation of oxygen, five of the nine eyes showed increased thickening of the macula compared with when oxygen was discontinued. CONCLUSIONS. Supplemental inspired oxygen may decrease macular thickness due to DME, suggesting that retinal hypoxia is involved in the development and maintenance of DME. (Invest Ophthalmol Vis Sci.
D
iabetic retinopathy is the most common cause of visual loss in persons of working age in the United States. 1 Severe vision loss is usually due to retinal neovascularization (NV), and the most common cause of moderate visual disturbance is DME. This is true even though scatter laser photocoagulation provides benefit for retinal NV 2 and focal laser photocoagulation treatment is beneficial in patients with diabetic macular edema (DME). 3 Therefore, additional treatments are needed for further reduction of the high prevalence of visual morbidity caused by these conditions. To develop new treatments, it is necessary to identify targets for drug treatment by elucidating molecular mechanisms.
Several lines of evidence have suggested that retinal hypoxia (ischemia) is the basic underlying cause of retinal NV. 4 -13 The pathogenesis of DME is not as well understood as that of retinal NV. It occurs when retinal vessels leak fluid into the macula, and the excess extracellular fluid causes the macula to become thickened. Microaneurysms (MAs) are often identified by fluorescein angiography as sites of leakage that contribute to DME. The mechanism by which MAs form is unknown, but there is evidence to suggest that high levels of VEGF predispose to MA formation, 14 and increased levels of VEGF in the retina are found early in the course of diabetic retinopathy. 15, 16 VEGF is also a good candidate as a contributor to generalized leakage of the retinal vasculature, because sustained release of VEGF in the vitreous cavity causes widespread leakage from retinal vessels. 17 We hypothesize that retinal hypoxia contributes to DME by release of VEGF and potentially other mediators that are capable of causing leakage. One way to begin to explore this hypothesis is to decrease retinal hypoxia in patients with DME and determine whether reduction of DME occurs. Oxygenation of the retina can be improved by increasing the concentration of inspired oxygen. 18 In this study, we treated patients with DME with supplemental inspired oxygen and determined the effect on visual acuity and retinal thickness assessed by optical coherence tomography (OCT).
MATERIALS AND METHODS

Patient Eligibility and Exclusion Criteria
Patients were required to be 18 years of age or older with clinically significant macular edema (CSME) secondary to diabetic retinopathy for at least 3 months to be considered for the study. Eligibility was limited to eyes with CSME and no evidence of epiretinal membrane or vitreous traction by biomicroscopy or OCT. Fluorescein leakage from macular blood vessels was a requirement. Previous periocular or intraocular injection of steroids, focal laser photocoagulation, or scatter laser photocoagulation were allowed only if performed more than 3 months before entry into the study. Other exclusion criteria were the presence of any retinal disease other than diabetic retinopathy, media opacification sufficient to interfere with evaluation of the retina, chronic hypoxemia due to lung or heart disease, anemia (hemoglobin Ͻ 8.0 g/dL), or a history of smoking within the previous 12 months. Eligible patients were referred to the principal investigator (PI; QDN), who discussed study objectives, activities, benefits, and risks, including all issues recommended by the Joint Committee on Clinical Investigations of the Johns Hopkins Medical Institutions. Informed consent was obtained for all patients who decided to partici-pate in the study. If both eyes of a patient were eligible, then both eyes were included in the study. The study conformed to the provisions of the Declaration of Helsinki.
Study Visits
At baseline and 1, 2, 3, 4, and 6 months after baseline, patients had measurement of best corrected visual acuity by Early Treatment Diabetic Retinopathy Study (ETDRS) protocol, 3 slit lamp biomicroscopy, measurement of macular thickness and volume by OCT, fundus photography, fluorescein angiography, measurement of oxygen saturation by pulse oximetry, serum erythropoietin (EPO), and a complete blood count. At baseline and 3 and 6 months, patients underwent measurement of hemoglobin A 1 C (HbA 1 C).
To maximize continuity and consistency, all baseline and follow-up study examinations were performed by the PI, all protocol refractions and VA measurements were performed in standard fashion by a clinical coordinator, and all OCT examinations were performed by a single investigator (SMS) masked to all other study parameters.
Optical Coherence Tomography
Scans were performed with an OCT scanner (model 2000; Carl Zeiss Meditec, Dublin, CA) with the accompanying software (A6.1 version; Carl Zeiss Meditec), by selecting the radial scanning pattern, which performs six OCT linear scans 6 mm in length centered on the fovea at equally spaced angular orientations. 19 The images were automatically analyzed by the OCT computer software using the retinal mapping algorithm, which determines retinal thickness by measuring the distance between the outer and inner reflectivity band of the OCT section ( Figure 1 ). The software samples macular thickness at 600 points, 70 m apart, along each of the intersecting lines and records resultant data as a false-color topographic map and as numeric averages of the measurements for each of the nine ETDRS retinal fields. Foveal thickness (FTH, in micrometers, defined as the mean height of the neurosensory retina in a central 1-mm-diameter disc; foveolar center thickness (CEN, in micrometers), defined as the mean of the six central macular measurements; and total macular volume (TMV, in cubic millimeters), were automatically computed by the OCT software and recorded.
The excess FTH, CEN, and TMV were calculated by subtracting the average normal value (based on OCT in normal eyes of patients with diabetes but no retinopathy) from the measurement at each time point. The percentage decrease in DME at month 3 was obtained by subtracting the excess at month 3 from the excess at baseline and then dividing by the excess at baseline. The percentage difference from baseline at month 6 was obtained by subtracting the excess at month 6 from the excess at baseline and then dividing by the excess at baseline. Normal values were 179 Ϯ 17 m and 158 Ϯ 20 m for FTH and CEN, respectively, 20 and 6.47 Ϯ 0.38 mm 3 for TMV (Shah SM, Nguyen QD, Campochiaro PA, unpublished data, 2003). When values declined to the normal range, the excess was considered to be 0% and the percentage change to be 100%.
Oxygen Therapy
All patients were given 4 L/min of oxygen delivered by nasal cannula. The patients were instructed to use the oxygen continuously every day for 3 months, including when sleeping, with removal of the cannula only during showers. Each patient was provided with a permanent, stationary oxygen concentrator to be used at home, as well as unlimited portable oxygen tanks (Professional Respiratory Services, Inc., Owings Mills, MD) to be used when away from home. The respiratory service returned to the homes of patients each month to check for the amount of expected usage and to refill the oxygen tank.
Statistical Analysis
Statistical analyses of change in macular thickness and volume over time were made with the Wilcoxon signed rank test (Stata, ver. 8.0; Stata Corp., College Station, TX).
RESULTS
Patient Characteristics
The three men and two women in the study ranged in age from 52 to 69 years and had had type 2 diabetes mellitus for an average of 9.2 years (range, 4 -13; Table 1 and Supplemental  Table 4 , see http://www.iovs.org/cgi/content/full/45/2/617/ DC1). All the patients had received at least one focal laser photocoagulation treatment in each eye for DME, but despite an average of 2.7 laser treatments per eye, all except one eye had persistent DME.
For both FTH and CEN, six eyes were above the normal range by 200 m or more (severe DME), two eyes had moderate DME with measurements 90 to 200 m above normal, and 1 eye had mild DME, 70 to 90 m above normal (Figs. 2,  3 ). Macular volume is an assessment of edema throughout the entire macula. Based on measurements in 19 eyes of 13 patients (age range 26 -54 years) with normal retinas and no history of eye disease, the normal mean for macular volume is 6.47 mm 3 (Shah SM, Nguyen QD, Campochiaro PA, unpublished data, 2003). Five of the six eyes with severe DME based on foveal and foveolar thickening, had large increases above normal in macular volume ranging from 2.30 to 5.75 mm 3 , indicating diffuse edema throughout the posterior pole. The typical fundus appearance of severe diffuse DME is shown in Figure 1A (LE of patient 1), and the corresponding retinal thickness map generated by OCT shows severe thickening of the center of the macula and the areas superonasal and superotemporal to the fovea (Fig. 1B , red areas on color-coded map).
Effect of Supplemental Oxygen on Central Macular Thickness and Macular Volume
After 3 months of supplemental oxygen, the thickening of the central macula was reduced in all nine eyes ( Table 2, Figs. 2, 3) . A very dramatic effect was seen in the six eyes, with severe thickening of the central macula at baseline, in which the average decrease in foveal and foveolar thickening was 130.5 m (range, 42-308) and 142.3 m (range, 45-318), respectively. Figure 1 shows an example of this dramatic effect. The reproducibility of OCT measurements is high, and within a 95% confidence interval, changes of more than 42 m in FTH or 54 m in CEN are unlikely to be due to random variation. 21 The two eyes with moderate thickening at baseline (RE and LE of patient 5) showed a smaller decrease in foveal (46 and 61 m, respectively) and foveolar thickening (56 and 68 m, respectively). The one eye with mild central thickening at baseline (RE of patient 3), showed 11-and 10-m decreases in foveal and foveolar thickening. The six eyes that had severe diffuse DME, all showed substantial decreases in TMV (Fig. 4) with an average decrease of 1.48 mm 3 (range, 0.21 to 2.65). The three eyes with mild and moderate diffuse DME at baseline (RE of patient 3 and both eyes of patient 5), also showed improvement, and although the absolute decline was modest, it represented a large proportion of the excess volume. One of these 3 eyes (RE of patient 3) had a decrease in macular volume of only 0.30 mm 3 , but it represented 100% of the excess macular volume, indicating complete resolution of DME.
The percentage decrease in excess central macular thickening or macular volume takes into account the starting point and provides a measure of how much of the edema has resolved. After 3 months of supplemental oxygen, the average decrease in excess FTH, CEN, and TMV in the nine eyes with DME at baseline was 43.5% (range, 14%-100%), 42.1% (13%-100%), and 54.0% (35%-100%), respectively. The likelihood that each of these three measurements would change in the same direction by these magnitudes by chance is very small (P ϭ 0.0077 by Wilcoxon signed rank test). Figs. 2-4 ). All these eyes had had severe DME at baseline. The left eye of patient 1 is a typical example of severe DME that improved during oxygen treatment and then worsened after cessation of oxygen (Fig. 1) . The eye with mild DME at baseline, the two baseline (A, B) , after 3 months of treatment with oxygen (C, D), and 3 months after withdrawal of oxygen (E, F). At baseline, the fundus showed scattered hemorrhages and exudates (A), and the retinal thickness map generated by OCT (B) showed severe thickening throughout the macula. The thickest areas of retina, corresponding to the red areas on the color-coded map are in the center of the macula, supero-and inferonasally. The cross-section showed a large cyst in the center of the macula. After 3 months of oxygen, there was an increase in exudates in the temporal part of the macula (C). As interstitial fluid is resorbed, serum proteins tend to precipitate. Thus, it is common for exudates to increase during the initial stages of resolution of edema. The color-coded map showed a marked decrease in red area, indicating substantial decrease in macular thickening, and the cross-section showed a decrease in the size of the cyst in the center of the macula (D). Three months after withdrawal of oxygen, there was little change in the appearance of the retina (E), but the retinal thickness map showed worsening of the edema (F). Note the reappearance of red in the center of the color-coded map and the increase in the size of the foveal cyst in the cross-section. Color scale: blue, thinnest; red, thickest.
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eyes with moderate DME at baseline, and one of the eyes with severe DME remained stable, despite cessation of oxygen. Table 3 shows the best corrected visual acuity measurements at baseline, after 3 months of supplemental oxygen and an additional 3 months without. After 3 months of oxygen, four eyes showed more than 1 line of improvement in vision, and three of the four showed roughly a halving of the visual angle, a commonly used end point for identification of visual improvement in clinical trials. Four of the eyes showed no change in visual acuity. One eye was 20/32 at baseline, 20/40 after 3 months of oxygen, and 20/25 after an additional 3 months without oxygen. This is unlikely to represent a true change in visual acuity while receiving oxygen, because it was less than 1 line and was present on only one measurement. The one eye that lacked DME at baseline showed a decrease of 1 line in visual acuity after 3 months of oxygen, but experienced an Severity of diabetic retinopathy (DR) is based on criteria established in the ETDRS, 3 with nonproliferative diabetic retinopathy (NPDR), classified as moderate or severe, and proliferative diabetic retinopathy (PDR). The severity of clinically significant macular edema (CSME) is based on assessment by biomicroscopy with contact lens. additional decrease after oxygen was stopped, and therefore it is unlikely that the change in vision was due to oxygen.
Effect of Supplemental Oxygen on Visual Acuity
Assessment of Oxygenation
Oxygen saturation measured by pulse oximetry was fairly high in all the patients at baseline (94%, 97%, 99%, 99%, and 100%). All patients had oxygen saturation of 100% while receiving supplemental oxygen. At 6 months, 4 of the patients had 98% saturation and one had 96% (Supplemental Table 5 , see http:// www.iovs.org/cgi/content/full/45/2/617/DC1). Erythropoietin (EPO) is a hypoxia-regulated gene and EPO levels are increased by chronic hypoxemia. EPO levels were measured to determine whether they might be decreased by supplemental oxygen and thereby serve as a means to assess compliance; however, there was no consistent pattern of variation in EPO levels, and they were judged to not be useful (data not shown).
Glycemic Control during Study
Changes in glycemic control can affect diabetic retinopathy; therefore, we monitored HbA1C levels throughout the study. There were no substantial changes in HbA 1 C in four of the five patients during the study (Supplemental Table 6 , see http:// www.iovs.org/cgi/content/full/45/2/617/DC1). Patient 3 had an increase in HbA 1 C from 8.0% at baseline to 9.2% at 3 months. Data are presented as the FTH/CEN/TMV determined by OCT. FTH and CEN are in micrometers, and TMV is in cubic millimeters. Patients had OCT measurements on each eye at baseline and at months 1, 2, and 3 while receiving supplemental oxygen, and at months 4 and 6 after withdrawal of oxygen. The FTH, CEN, and TMV were automatically computed by the OCT software. VH, vitreous hemorrhage; N/A, not applicable.
Worsening of glycemic control is not likely to cause improvement in DME and thus is unlikely to affect our results. Insulin treatment was modified, in consultation with the patient's primary physician, and the patient was referred to nutritional services.
Additional systemic and ophthalmic data for the patients are listed in Supplemental Table 4 , which is available online at http://www.iovs.org/cgi/content/full/45/2/617/DC1.
DISCUSSION
In this study, we explored whether hypoxia contributes to the pathogenesis of DME by observing the effect of reducing retinal hypoxia. All eyes with DME showed reduction in thickening of the center of the macula and reduction in macular volume measured by OCT. Four of the nine eyes showed large decreases of more than 90 m in foveal and foveolar thickening. In the other five eyes, there was less thickening at baseline and correspondingly less reduction in thickening. A useful way to assess the response is to determine the amount of reduction in excess thickening (i.e., thickening above the normal cutoff point). There were decreases in excess FTH of 43.5%, excess CEN of 42.1%, and excess TMV of 54.0%. Therefore, three different measures of macular edema demonstrated very similar levels of improvement due to supplemental oxygen. If improved oxygenation of the retina due to supplemental oxygen were the cause for the improvement in DME, it would be expected that discontinuation of oxygen would result in return of hypoxia and gradual loss of the beneficial effect. Five of nine eyes that showed decreased macular thickening after 3 months of supplemental oxygen showed increased thickening by 3 months after stopping oxygen. Each of the four eyes that remained stable for 3 months after stopping oxygen had relatively mild macular edema at the end of the oxygen treatment period: One had improved into the normal range, 2 were very close to normal (232 and 236 m), and the fourth had FTH of 275 m. Only one of the five eyes that worsened after stopping oxygen had improved to an FTH less than 300 m during the period of oxygen treatment, and it remained stable for the first month after oxygen treatment and then deteriorated (Fig. 2) .
It is likely that edema exacerbates retinal hypoxia by increasing the distance that oxygen from the choroid must diffuse to compensate for poor oxygen delivery to the inner retina from compromised retinal vessels. A reasonable hypothesis that could explain our observation of prolonged benefit (of at least 3 months) in retinas that achieved nearnormal thickness is that improved oxygenation may allow an escape from a vicious cycle brought on by the combination of hypoxia and edema. If thickening is near normal when oxygen is stopped, then oxygenation from the choroid may be sufficient to compensate for decreased retinal vascular perfusion, at least for a time. It should be noted that each of the eyes that remained stable had had at least two focal laser treatments. One hypothesis regarding the mechanism of focal laser is that it destroys photoreceptors, the biggest consumers of oxygen in the retina, thereby decreasing oxygen consumption by the outer retina, which allows more oxygen from choroidal vessels to reach the inner retina and compensate for decreased retinal perfusion. Sustained benefit in eyes previously treated with focal laser that achieved near normal macular thickness during supplemental oxygen treatment is consistent with this hypothesis. Perhaps severe thickening promotes a refractory response to focal laser, because despite decreased consumption of oxygen from the choroid by the outer retina, the oxygen cannot diffuse all the way through the thickened retina and alleviate hypoxia in the inner retina, and that may be the driving force of the edema. By alleviating hypoxia, supplemental oxygen may allow improvement in macular thickness, and if thickness decreases below a critical point, then the benefits from focal laser photocoagulation alone may be realized, resulting in stability despite cessation of oxygen. Longer follow-up of patients with sustained benefit 3 months after stopping oxygen will help to provide evidence for or against this hypothesis. If further evidence supports our hypothesis, then supplemental oxygen may be more than simply a useful tool for exploring the role of hypoxia in the genesis and maintenance of DME. It may also be an important addition to our treatments for DME.
Four of nine eyes with DME showed improvement in visual acuity after 3 months of supplemental oxygen. Although a modest improvement in visual acuity in four of nine patients would be weak evidence of a supplemental oxygen-induced effect on its own and would be meaningless without controls, when combined with the observation that nine of nine patients showed a substantial decrease in macular thickening and volume, this hint of a functional effect takes on added significance. It is reasonable to expect that improvement in vision would lag behind decreased macular thickness, and 3 months may not be sufficient to achieve improved vision in all eyes. Furthermore, chronic edema results in permanent visual loss, and lost vision is rarely regained after successful focal laser photocoagulation treatment. 3 Therefore, additional studies are needed to test longer-duration oxygen treatment in patients with chronic macular edema, as well as patients with recent-onset macular edema who are less likely to have irreversible vision loss, to better assess the potential for supplemental oxygen-induced visual benefit in patients with DME.
In this era of multicenter, randomized, placebo-controlled clinical trials, there is a tendency to view uncontrolled interventional case studies with skepticism. Skepticism is appropriate when evaluating small pilot trials, but the value of such uncontrolled preliminary studies should not be underestimated. This study shows a consistent oxygen-induced effect that is unlikely to be due to chance. Although it is important to confirm the results with a controlled trial, which has been initiated, it will take more than a year to complete such a study. In the meantime, we hope that the scientific community will examine our results in the five patients reported herein, consider their implications, and find new ways to test our theory that hypoxia plays a critical role in the development and maintenance of DME.
